We report on photoluminescence ͑PL͒ properties of Er 3+ doped Ga 10 Ge 25 S 65 glass. Experiments were performed using 5 ns laser pulses at 980 nm ͑532 nm͒, in resonance with the 4 I 15/2 → 4 I 11/2 ͑ 4 I 15/2 → 2 H 11/2 ͒ transition of the Er 3+ ions. PL bands were observed from the blue to the near-infrared and the dependence of their intensity as a function of the laser intensity was analyzed. The PL temporal behavior was analyzed through rate equations for the population densities and using the Inokuti-Hirayama model. The results allowed identification of the PL pathways and the characterization of energy transfer processes involving pairs of ions.
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I. INTRODUCTION
Glasses doped with trivalent rare-earth ͑RE͒ ions attract large interest due to their wide range of photonic applications that include optical amplifiers, lasers, sensors, and colored displays.
1,2
The choice of appropriate glass hosts and optimum RE ions concentration is crucial to develop efficient devices. Among the glasses known, the chalcogenide glasses ͑based on S, Se, and Te͒ present ideal characteristics for RE ions based photonics, because they have low energy phonons, high stability against moisture, and devitrification, and may be doped by large RE ions concentrations. [1] [2] [3] [4] Moreover, they have a high refractive index, which contributes to increase local field on the hosted RE ions, leading to enhanced radiative transition probabilities. In particular the sulfides glasses deserve special attention because they can be fibered and laser action has been demonstrated in neodymium ͑Nd 3+ ͒ doped gallium-lanthanum-sulphide glass bulk 5 and fiber. 6 Another glass composition of interest is Ga 10 Ge 25 S 65 ͑GGS͒ that has wide transparency window from the infrared to the blue/green region and low phonon energy ͑Ϸ370 cm −1 ͒. Recently the optical properties of GGS glass doped with Nd 3+ , 7 Pr 3+ , 8 and Er 3+ ions 9 were investigated. In the case of Nd 3+ doped GGS glass a study of the linear optical characteristics and the infrared-to-visible frequency upconversion ͑UC͒ was reported. 7 Transition probabilities, radiative lifetimes, and branching ratios associated with the Nd 3+ levels were determined. Two-photon absorption by isolated Nd 3+ ions and energy transfer among pairs of Nd 3+ ions contribute for the UC emissions. The mechanisms leading to the UC luminescence as well as the dynamics of the process were studied.
The phenomenon of orange-to-blue UC in Pr 3+ doped GGS containing silver nanoparticles was also studied using pulsed lasers emitting in the orange region. 8 Enhanced UC signals from Pr 3+ ions due to the presence of the metallic nanoparticles were observed and their origin was clearly identified.
The properties of Er 3+ doped GGS were studied under continuous wave and pulsed laser excitation at 800 nm. Infrared-to-visible upconversion was observed and mechanisms based on excited state absorption and energy transfer were discussed. 9 In this paper we present a study of Stokes and antiStokes photoluminescence ͑PL͒, excited at 532 and at 980 nm, in Er 3+ doped GGS glass. Strong PL signals were observed for excitation at the two wavelengths. The mechanisms and energy pathways that lead to the PL signals were investigated as well as the dynamics of the processes.
II. EXPERIMENTAL DETAILS
Glass samples with composition Ga 10 Ge 25 S 65 : ͑Er 2 S 3 ͒ 0.25 were prepared for the present study by the classical melting mixture of highly pure raw materials ͑Ga 2 S 3 , Ge, S: 99.999% and Er 2 S 3 : 99.9%͒ in a silica ampoule sealed under vacuum ͑10 −4 mbar͒, as described in Ref. 10͒ The sealed ampoule of 9 mm inner diameter was placed in a rocking furnace, slowly heated up to 900°C and maintained at this temperature for 12 h. The silica tube was quenched in water at room temperature, annealed at a temperature near the glass transition temperature for 3 h to minimize inner constraints, and finally, slowly cooled down to room temperature. The glass rods obtained were cut into slices of 2 mm thickness and polished for different measurements. The glass transition temperature, T g = 430°C, and the onset crystallization temperature, T x = 540°C, of the prepared glasses were determined by differential scanning calorimetry, with a heating rate of 10°C / min.
Linear optical absorption measurements were made using a commercial spectrophotometer operating from 300 to 3300 nm.
PL experiments were performed using lasers operating at 532 and 980 nm ͑pulses of 5 ns at 20 Hz͒ as the excitation sources. In both cases, the linearly polarized beam was focused onto the sample with a lens of 15 cm focal-length; the PL signal was collected by a 5 cm focal-length lens along a direction perpendicular to the incident beam direction. The PL was dispersed by a 0.5 m monochromator and detected by a photomultiplier. The signals were recorded using a digital oscilloscope connected to a computer. All measurements were performed at room temperature. Figure 1 presents the absorption spectrum of the sample from Ϸ5500 to 21 500 cm −1 . The features correspond to 4f −4f transitions originating from the Er 3+ ions ground state, 4 I 15/2 , to excited states, as indicated in Fig. 1 . The experimental oscillator strength, F exp , of each absorption band is determined by the expression F exp = ͑mc 2 / e 2 ͒͐k͑E͒dE, where m and e are the electron mass and charge, respectively, c is the speed of light in vacuum, and is the number of Er 3+ ions per cm 3 . The factor ͐k͑E͒dE is the integrated absorbance with E in per centimeter and can be determined from the absorption spectrum.
III. RESULTS AND DISCUSSION
According to the Judd-Ofelt theory, 11,12 the oscillator strength, F theo , for an electric-dipole transition between the manifolds ͑S , L , J͒ and ͑SЈ , LЈ , JЈ͒ is given by
2 / 9n is the local field correction factor, n is the refractive index, is the transition frequency, J is the total angular momentum of the ground state, h is Planck's constant, and ͉͗S , L , J͉͉U ͑͒ ͉͉͑SЈ , LЈ , JЈ͉͒͘ is the reduced dipole matrix element that is independent of the host material. ⍀ ͑ =2,4,6͒ are parameters that are dependent on the radial electronic eigenfunctions, the host environment, and the closest electronic configuration having opposite parity. These parameters were calculated with the least-squares method using the experimentally determined oscillator strength for the different transitions. The radiative lifetimes of the excited states are calculated by R = ͑⌺ J Ј A JJ Ј ͒ −1 and Table II gives the values of A JJ Ј and R . Figure 2 shows the UC spectrum obtained by excitation at 980 nm, and Fig. 3 We also observed emission from the 2 H 11/2 to the ground state for excitation with both wavelengths but in the 532 nm experiment the signal is overlapped with the scattered laser light. Therefore, Fig. 3͑a͒ exhibits only a fraction of the 2 H 11/2 → 4 I 15/2 band because the main part of the signal was suppressed by the notch filter used to reject the scattered laser.
The energy level scheme shown in Fig. 4 indicates the states involved in the PL process and the relevant transitions.
Assuming that the UC process is not saturated, the UC intensity, I UC , is proportional to some power, m, of the excitation intensity, I L , such that I UC ϰ I L m , where m is the number of laser photons absorbed per upconverted photon. Then, to determine the number of photons participating in the UC process, the upconverted PL intensity was measured as a function of the laser intensity. The data are shown in and 6. For excitation at 980 nm we obtained m = 2.1 for the emission centered at Ϸ549 nm; m = 1.9 for the Ϸ534, 663, and 855 nm bands, and m = 1.8 for the Ϸ727 and 806 nm emissions. These results indicate that two laser photons contribute to the emission of each UC photon and the data are shown in Fig. 5 . For excitation at 532 nm we found m = 1.0 for the emission at Ϸ549 nm and m = 1.1 for the Ϸ663 and 855 nm bands. The results, shown in Fig. 6 , indicate that one photon is emitted for each laser photon absorbed. To obtain more information about the UC process, the temporal behavior of the transitions: 4 
where n 1 and n 2 are the population densities of the 4 F 7/2 ͑state ͉1͒͘ and 2 H 11/2 ͑state ͉2͒͘ multiplets, respectively. ␥ 1 represents the relaxation rate of state ͉1͘ due to all possible mechanisms except transition to state ͉2͘, ␥ 2 is the total radiative rate of state ͉2͘, and W 12 is the nonradiative decay rate from state ͉1͘ to state ͉2͘. Hence, the UC intensity from state 2 H 11/2 , proportional to n 2 , is described by
A fitting of Eq. ͑4͒ to the experimental result of Fig. 7͑b͒ gives a rise time of 188 ns and decay time of 24 s, which is in agreement with the predictions of Judd-Ofelt theory ͑Table II͒.
To describe the PL signal shown in Fig. 7͑c͒ for transition 4 F 9/2 → 4 I 15/2 we considered the following rate equations:
where n 1 , n 2 , and n 3 are the population densities of the 4 F 7/2 ͑state ͉1͒͘, 4 S 3/2 ͑state ͉2͒͘ and 4 F 9/2 ͑state ͉3͒͘ multiplets, respectively, ␥ 3 is the total radiative rate of state ͉3͘, W 23 is the nonradiative decay rate from state ͉2͘ to state ͉3͘, and the other parameters have the same meaning given before. Then the UC intensity, proportional to n 3 , is described by 
